Objective: To assess whether being able to quit smoking is an early marker of Parkinson disease (PD) onset rather than tobacco being "neuroprotective," we analyzed information about ease of quitting and nicotine substitute use.
found it easy) are less likely to develop PD; (2) use of nicotine substitutes is related to quitting difficulty; and (3) those who used nicotine substitutes (vs those who never used) have a decreased risk of PD.
METHODS Study population. We selected all 2,762 patients identified in the Danish National Hospital Register files between 1996 and 2010 at 10 large neurologic treatment centers in Denmark by diagnosis code for PD assigned by a neurologist. Patients were younger than 70 years at diagnosis before 2002 and younger than 80 years at diagnosis in 2002 and after to ensure that most eligible patients survived to time of interview. We density sampled between 5 and 10 controls matched on birth year, sex, and being alive and without a PD diagnosis at the time of case identification from the Danish Central Population Registry, a register of the whole Danish population. We collected interview and medical record data between January 2008 and December 2010. Patients and controls had to be able to speak Danish or English, and be alive and well enough to participate. From the list of 2,762 initially eligible patients, we excluded 179 subjects for whom medical record review before contact did not confirm idiopathic PD, thus we attempted to contact 2,583 patients. Of these, 497 declined to participate, and for 20, we were unable to retrieve a medical record to confirm the diagnosis. The remaining 2,066 patients with PD were interviewed, and medically trained staff supervised by a movement disorder specialist rigorously reviewed their complete medical records applying standard diagnostic criteria. 5, 6 After this review, we removed 238 patients who did not have idiopathic PD, leaving 1,828 confirmed cases, of whom 1,808 provided all data necessary for this analysis.
Of 3,626 eligible controls whom we initially contacted, 1,909 agreed to participate, were matched to a valid case, and completed an interview; 1,876 contributed to this analysis. Generally, we attempted to interview one control of 5 to 10 selected for each case after all cases from one hospital had been interviewed, but for 101 cases, we also matched by sex and birth year an already interviewed control whom we originally had matched to cases considered invalid after chart review. We required that controls did not have a diagnosis of PD at the date their respective case was identified in the Hospital Register. We used the occurrence of the first cardinal (motor) symptom on the medical records as the referent date for calculating time-dependent exposures and assigned controls the date of their respective case. When medical records did not contain a first symptom onset date, we used the first date of PD diagnosis instead.
Standard protocol approvals, registrations, and patient consents. We obtained written informed consent from all subjects, and the University of California at Los Angeles (UCLA) Institutional Review Board and Danish Data Protection Agency approved the study protocol.
Smoking and nicotine substitute data collection. We obtained information on demographics, education, and lifestyle habits, including lifelong smoking history and nicotine replacement, in a structured telephone interview. We allowed persons with speech or physical difficulties to respond by mail (approximately 17%). The questions on cigarette smoking included smoking status at interview, age at start and end of smoking allowing for multiple periods during which the participant may have started and stopped, and number of cigarettes smoked per day in each period. We defined "ever smoked" as having smoked at least 1 cigarette (or the equivalent amount of tobacco) per week for 6 months or more. A former smoker reported having smoked but was not smoking on the index date. In addition, we asked ever-smokers about their use of nicotine substitutes (ever/never and type: chewing gum, tablets, skin patch, nasal spray/inhaler) and former smokers to report how much difficulty they had experienced quitting ("How hard did you find it to quit smoking?" Answers: "Extremely difficult, I started and stopped several times"; "Hard, but successful the first time"; "Mediumit took some time getting used to it, but not a big deal"; "Remarkably easy to quit"; and "Other").
Statistical analyses. To guide analyses, we drew simplified directed acyclic graphs depicting assumptions and relationships between key exposure and outcome variables 7 (see figure e-1 on the Neurology ® Web site at Neurology.org). [8] [9] [10] We used multivariable logistic regression analyses to estimate odds ratios (ORs) and 95% confidence intervals (CIs) and assess the following: (1) main effects of smoking and nicotine substitute use on PD as well as main effects of difficulty to quit smoking among former smokers on PD; (2) joint effects of smoking and nicotine substitute use on PD; and (3) associations between smoking-related variables and nicotine substitute use. In regression models with PD as the outcome, we adjusted for age at first cardinal symptom (years), year of birth (matching variable) and sex (matching variable), education (basic, vocational training, higher education), caffeinated drinks (never/ever), alcohol drinking (never/ever), residential location within 3 years before the time of diagnosis or index date (capital, provincial cities, rural, peripheral region), family history of PD (none, one, more than one family member), and in sensitivity analysis, we also stratified by sex.
In addition, we conducted some probabilistic bias analyses to formally address the potential for uncontrolled confounding of the PD-smoking association (for technical details, see the supplemental appendix).
RESULTS
The average age at first cardinal symptom for cases was 61.5 years (SD 5 9.7), and controls were matched on birth year and sex and had similar education as cases (table 1) . More population controls than cases lived in rural areas or Copenhagen, and cases consumed less caffeine (high consumption OR 5 0.57; 95% CI 0.47-0.68) and alcohol (high consumption OR 5 0.70; 95% CI 0.57-0.85) and were more likely to report a family history of PD (OR 5 2.83; 95% CI 2.16-3.72).
Patients with PD were less likely to ever smoke cigarettes and associations were strongest for current smokers followed by former smokers (table 2). Former smokers reporting that it was "extremely difficult to quit smoking" had a 31% decreased risk of developing PD compared with those reporting "quitting was easy"; and we observed a reduced risk of PD for those ever using nicotine substitutes (table 2) . Few study participants ever used nicotine substitutes (3% cases; 5% controls) with nicotine gum being most common (2% cases; 4% controls) and an average duration of use of 4.4 years in cases and 2.8 years in controls. Among ever-smokers, 83% of patients with PD and 69% of controls quit smoking before the index date.
Examining the combined effect of smoking and nicotine substitutes, we observed the strongest associations with PD for current smokers with or without nicotine substitute use, followed by former smokers who reported having used nicotine substitutes (table 3) . We saw the weakest association in former smokers who never used nicotine substitutes. In sensitivity analyses, we did not find more than minimal differences by sex and when excluding subjects whom interviewers considered unreliable.
Among former smokers, participants who were more educated and lived in the capital or provincial cities were more likely to use nicotine substitutes than those living in peripheral and rural regions, but neither sex nor depression or alcohol consumption were related to nicotine substitute use (results not shown). Most importantly, participants reporting it was "extremely difficult" to quit smoking were much more likely to have ever used nicotine substitutes (more than 9 times) compared with those who found it "easy to quit" (table 4). Longer duration of smoking and quitting at older ages were also strongly associated with ever use of nicotine substitutes (e.g., more than 16-fold with ever use of nicotine substitutes and .40 years of smoking), while age at starting was unrelated (no association for smoking initiation at 201 vs ,15 years of age).
In table e-1, we present formal bias analyses illustrating that we need to invoke implausibly strong uncontrolled confounding to explain the reported smoking-PD associations. DISCUSSION We reexamined the role of smoking and, hence, nicotine in PD focusing on the difficulty to quit smoking and the related use of nicotine substitutes. As observed by others, 3 patients with PD in our study were less likely to become habitual smokers, which previously gave rise to speculations about genetic or biological factors or "risk-avoiding" personality traits that may affect smoking initiation and PD risk. This hypothesis cannot be tested in our data, but we are able to explore quitting-related factors in a large group of smoking initiators who later nevertheless developed PD. Our hypothesis is that individuals at risk of developing PD have a much easier time quitting smoking and found that 17% of ever-smoking PD cases vs 31% of controls remained smokers. Ease of quitting results in fewer current smokers and a lower number of pack-years smoked among patients with PD and may explain previous epidemiologic findings without the need to invoke a "protective" role of smoking or nicotine. Indeed, we found that not only those who smoked but those (1) with the most difficulty quitting and/or (2) more often using nicotine substitutes were less likely to develop PD. Furthermore, the use of nicotine substitutes was strongly associated with quitting difficulty and heavy smoking. Finally, our bias analyses showed that risk factors that could cause confounding and account for the very strong "protective" effect of smoking reported in studies (suggesting an up to 70% reduction in PD risk 3 ) require such factors to be very strong predictors of PD and it is implausible that they would be unknown. The only factors known to be as strongly associated with PD are prodromal symptoms of PD occurring years before diagnosis, such as olfactory dysfunction, REM sleep disorders, and constipation, with reported 5-to 9-fold relative risks for PD. [11] [12] [13] Also, an autopsy study reported ORs as high as 11 for finding incidental Lewy bodies in the substantia nigra and the locus ceruleus of the deceased with the greatest recorded predeath olfactory impairment; Lewy body protein aggregates are characteristic of PD pathology, and loss of smell is a well-known prodromal sign of PD. 14 Table 1 Demographic characteristics of the study population by PD status In our large population-based, case-control study, we find a strong association between smoking and PD and a trend in risk with increasing smoking duration, and weaker smoking-PD associations among those who quit at younger ages. Generally, such findings have been interpreted as evidence for "protective" effects of smoking (or nicotine) on PD risk, with the caveat that "unknown or unmeasured causes" responsible for both a reduction in smoking and increase in PD remain alternative explanations. Here, we focus our attention on quitting difficulty and nicotine substitute use in smokers in an attempt to, for the first time, assess more explicitly influences related to changes in smoking behavior, which we refer to as a loss of nicotine "reward" or "sensitivity" that encourages quitting (note: in bias analyses, we thus expected lack of reward to be common in nonsmokers, less in quitters, and rare in long-time smokers). Our hypothesis that nicotine substitute use indicates high nicotine reward among those who attempt to quit was corroborated: we observed the smallest risk of developing PD in current smokers (at first cardinal symptom) who did or did not report nicotine substitute use followed by former smokers reporting to have used substitutes and finally those who quit smoking without using substitutes. Furthermore, we observed a trend in PD risk with the reported ease of quitting: former smokers reporting that it was extremely difficult to quit had a 31% reduced risk of developing PD compared with those who reported that quitting was easy. Nicotine substitute use and duration of smoking were both strongly predictive of quitting difficulty. Thus, both nicotine substitute use and higher quitting difficulty among controls suggest that when smokers decide to quit, nicotinic reward is less strong in those who later develop PD. Finally, while fewer patients with PD ever establish a smoking habit, 3 those who do and nevertheless develop PD tend to quit smoking at an earlier age than control smokers (mean age at quitting for cases 5 41 years; for controls 5 44 years). These observations suggest that a mechanism associated Table 2 ORs (95% CIs) for Parkinson disease and cigarette smoking or nicotine replacement use with PD risk may influence smoking behavior or that less reward from nicotinic stimulation might be an event prodromal to PD in the same category as constipation, loss of smell, and REM sleep behavior problems for which very long latency periods and large relative risks for PD are reported in population studies. 13 A major strength of our study is that we abstracted complete medical records for patients with PD, limiting misclassification of diagnosis. While patients search for explanations for their disease, it is harder to imagine that recall bias affects "risk reduction" from smoking, i.e., that underreporting of smoking differs by disease status. If, however, smokers who develop PD underreport smoking more often than controls, this would systematically bias the associations such that we would overestimate the "risk reduction" from smoking or vice versa. Our study population was necessarily elderly, and interview data collected late in life may have inaccuracies and some degree of nondifferential exposure misclassification. Patient participation was high (80.8%), but participation was moderate in controls (52.6%). Twice as many nonparticipants than participants had died as of March 2013 (13.0% vs 5.9% controls and 38% vs 18% cases). In addition, nonparticipants were more often hospitalized with diagnoses related to smoking, specifically ischemic heart disease or chronic obstructive pulmonary disease (19.4% vs 16.5% controls and 26% vs 17.8% cases). Thus, we cannot rule out selection (or survivor) bias in our study through the influence of smoking-related health status on participation. However, such bias would lead to an overestimation of the effect of smoking on PD because hospitalization for smoking-related diseases was greater for nonparticipating cases compared with controls.
Some authors speculated that personality traits related to smoking behavior may confound the association with PD such that genetic traits would increase susceptibility to PD but prevent smoking. A recent study reported that environmental factors such as school or peer influences shape nicotine, alcohol, and caffeine use behaviors in early adolescence, but as people age, environmental factors become less important while genetic factors gradually become more important. 3, 15 Large genome-wide association studies (GWAS) identified polymorphisms in genes encoding for the neuronal acetylcholine receptors and their subunits and nicotine-metabolizing enzymes that are related to smoking quantity. [16] [17] [18] A New Zealand study created a "genetic risk score" by summing across GWAS-derived risk alleles related to smoking, and even though this score did not explain smoking initiation, higher-scoring individuals were more likely to convert to daily smoking, progress to heavy smoking, develop nicotine dependence, and failed in cessation attempts. 19 Thus, multiple genetic factors may influence addictiveness and nicotine reward-related responses. For genetics to explain the reported strong smoking-PD associations, these complex traits need to be highly predictive of smoking and also strongly related to PD risk, which has not been shown.
Twin studies reporting that the twin with PD smoked less than the twin without PD also discredited a simple genetic trait hypothesis. 20, 21 Furthermore, among twin pairs, the one who developed PD stopped smoking on average 3.7 years earlier than the twin without PD; when both developed PD, the one affected first stopped smoking on average 1.3 years earlier. 20 These observations fit the "loss of nicotine reward" hypothesis because one would expect the cotwin who develops PD first to quit smoking earlier.
Notably, a similar sequence was observed for loss of smell in these twins: at baseline, the olfactory function of the twin who developed PD was impaired while the cotwin without PD had normal function, and cotwins who developed PD had a greater decline in smell than cotwins who did not develop PD. 22 While these twin Table 4 ORs (95% CIs) for "ever use of nicotine replacement" (yes/no) and smoking-and quitting-related characteristics among former smokers only studies suggest that the smoking-PD associations are not easily attributable to a genetic trait shared by twins, they do not contradict, and even corroborate, the hypothesis that loss of nicotine reward may indicate insidious PD onset similar to loss of smell. The simplest explanation for the smoking-PD association relates to the sensitivity of the brain reward system in response to nicotine; specifically, it has been suggested that loss or downregulation of nicotinic receptors may precede neurodegeneration. 23, 24 Postmortem studies of patients with PD have demonstrated a substantial loss of nicotinic receptors in the parietal cortex, 25 frontal and temporal cortices, hippocampus, thalamus, striatum, [26] [27] [28] substantia nigra pars compacta, and laterodorsal tegmental nucleus, 24 leading to speculations that receptor loss might be responsible for cognitive, motoric, and behavioral deficits in PD.
Our analyses support the hypothesis that ease of smoking cessation is an early manifestation of premotor PD related to the loss of nicotinic rewards. Instead of tobacco being "neuroprotective," we propose the possibility that smoking and PD are related through a reduction in nicotinic reward such that ease of quitting may act as an early prodromal marker.
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